Inactivation of the retinoblastoma (RB) tumor suppressor pathway, via elevated cyclin-dependent kinase (CDK) activity, is observed in majority of human cancers. Since CDK deregulation is evident in most cancer cells, pharmacological CDK inhibition has become an attractive therapeutic strategy in oncology. We recently showed that an oncogenic CDK4 R24C mutation alters the subcellular localization of the normally nuclear RB phosphoprotein. Here, using 71 human cancer cell lines and over 300 primary human cancer tissues, we investigated whether changes in RB subcellular localization occur during human cancer progression. We uncover that diverse human cancers and their derived cell lines, particularly those with poor tumor differentiation, display significant cytoplasmic mislocalization of ordinarily nuclear RB. The nucleocytoplasmically distributed RB was derived via CDK-dependent and Exportin1-mediated nuclear export. Indeed, cytoplasmically mislocalized RB could be efficiently confined to the nucleus by pharmacologically reducing CDK activity or by inhibiting the Exportin1-mediated nuclear export pathway. Our observations uncover a post-translational CDK-dependent mechanism of RB inactivation and suggest that cytoplasmically localized RB may harbor a tumor promoting function. We propose that RB inactivation, via aberrant nucleocytoplasmic transport, may disrupt normal cell differentiation programs and accelerate the cancer process. These results are evidence that tumor cells modulate the protein transport machinery thereby making the protein transport process a viable therapeutic target.
Introduction
Mutations in cell cycle components that allow cells to bypass quiescence or cellular senescence pathways are important hallmarks of a cancer cell (Hanahan and Weinberg, 2000) . The universal targeting of the cell-cycle machinery makes it an important target for anticancer therapeutic strategies (Malumbres and Barbacid, 2001; Schwartz and Shah, 2005; Shapiro, 2006) . The retinoblastoma (RB) tumor suppressor pathway is inactivated in a majority of human cancers by overexpression of cyclins, aberrant activation of cyclin-dependent kinases (CDKs), inactivation of CDK inhibitors (CKIs) or loss of RB expression. RB is active in its hypo or underphosphorylated state whereas sequential CDK-mediated hyperphosphorylation of RB on serine/threonine phosphorylation sites leads to inactivation of RB tumor suppressor function (Knudsen and Wang, 1997) . Phosphorylation by CDKs alters association of RB with its myriad interacting proteins that regulate cell cycle progression and transformation potential (Classon and Harlow, 2002) .
Members of the INK4 family of proteins, chiefly p16
Ink4a
, are specific inhibitors of the cyclin D/CDK4 complexes (Malumbres and Barbacid, 2001 ) and mutations in CDK4 and p16
INK4A are implicated in the genesis and progression of human cancer (Haluska and Hodi, 1998; Liggett and Sidransky, 1998; Ortega et al., 2002) . The importance of the CDK4 locus in human cancer was further emphasized upon identification of a germline CDK4-Arg24Cys (R24C) mutation in patients with familial melanoma that abolishes the ability of the mutant CDK4 R24C kinase to interact with the p16
INK4A
inhibitor (Wolfel et al., 1995; Zuo et al., 1996) . Using mouse models, we and others showed that inheritance of the p16 Ink4a -insensitive Cdk4 R24C allele results in increased Cdk4 kinase activity, thereby increasing the transformation potential of cells and predisposing mice harboring this mutation to cancer due to loss of RB tumor suppressor function (Rane et al., 1999 (Rane et al., , 2002 Sotillo et al., 2001a, b) .
RB is regarded to be a nuclear phosphoprotein and its nuclear localization is facilitated by (1) a bipartite nuclear localization signal (NLS) in the C terminus (Zacksenhaus et al., 1993) and (2) association of its N terminus with nuclear matrix proteins (Durfee et al., 1994) . Phosphorylation of RB by CDKs during the G 1 /S phase of the cell cycle results in decreased affinity of hyperphosphorylated RB for the nuclear compartment (Mittnacht and Weinberg, 1991; Stokke et al., 1993; Mittnacht et al., 1994) . Transition through the G 1 /S boundary of the cell cycle leads to conversion of RB from a low salt resistant to low salt extractable hyperphosphorylated species (Mittnacht and Weinberg, 1991) . Recently, we showed that RB is confined to the nucleus in normal human and mouse fibroblast cells during all stages of the cell cycle (Jiao et al., 2006) . In contrast, nucleocytoplasmically localized RB was observed in fibroblasts harboring the oncogenic Cdk4 R24C mutation. We demonstrated that the aberrant nucleocytoplasmic localization is facilitated by CDKdependent nuclear export of RB by Exportin1 (CRM1). Further, we showed that phosphorylation residues in the C-domain of RB are critical in determining its nucleocytoplasmic localization (Jiao et al., 2006) .
These results suggested that altered subcellular localization of RB may be a cancer-specific process, and here we investigated this possibility. Specifically, we inquired whether the deregulated CDK activity observed in many human cancers, often associated with hyperphosphorylation of RB, might alter RB subcellular localization and thereby compromise its tumor suppressor function. We present evidence of cytoplasmic mislocalization of RB in diverse human cancer cell lines and primary tumor specimens that exhibit poor tumor differentiation. Inhibition of CDK activity or the Exportin1-mediated nuclear export pathway resulted in retention of RB in the nucleus. Our results reveal that RB-mediated tumor suppression can be subverted during human cancer progression by CDK-phosphorylation-dependent enhancement of nuclear export.
Results

CDK-mediated phosphorylation regulates RB subcellular localization and function
The human prostate cancer cell line PC-3 is a metastatic androgen-independent cell line that was established from a human prostatic adenocarcinoma metastatic to bone. The functional and morphologic characteristics of PC-3 are those of a poorly differentiated adenocarcinoma (Kaighn et al., 1979) . Higher basal levels of CDK2, CDK4 and p16 genes are constitutively expressed in PC-3 cells (Lu et al., 1997) and these cells proliferate extensively in culture (Figure 1a) . Interestingly, immunofluorescence assays revealed that RB was dispersed over the nucleocytoplasmic compartments in PC-3 cells (Figure 1b) . The observation of cytoplasmic RB is intriguing since RB is widely believed to be a nuclear protein and nuclear retention is presumed to be important for its tumor suppressor function. Previously, we elucidated the occurrence of nucleocytoplasmically distributed RB in Cdk4 R/R mouse embryonic fibroblasts (Jiao et al., 2006) . Here, we investigated the requirement for CDK activity in determining the nucleocytoplasmic distribution of RB by treating PC-3 cells with the potent CDK inhibitor flavopiridol (Sedlacek, 2001) . Since previous studies have suggested that high concentration of flavopiridol can lead to reduced cell viability, we first performed experiments to examine the dose-dependent effect of flavopiridol on PC-3 cells. Treatment of PC-3 cells with increasing concentration of flavopiridol (up to 1.0 mM) resulted in an expected growth inhibition, although we observed greater than 80% cell viability (Supplementary Figure 1a) . Higher doses of flavopiridol (2 and 4 mM) caused increased cell death with less than 30% viability. We therefore used a concentration of less than 1.0 mM flavopiridol for all experiments in this study. At similar concentrations of flavopiridol treatment, others have shown minimal effect on PC-3 cell viability and RB protein levels and an expected reduction in RB phosphorylation was observed (Camphausen et al., 2004) . Treatment with flavopiridol resulted in reduced viability of PC-3 cells ( Figure 1a ). Importantly, similar to our observations with flavopiridol-treated Cdk4 R24C cells (Jiao et al., 2006) , flavopiridol treatment of PC-3 cells resulted in nuclear retention of RB (Figure 1b) . A dose-dependent increase in nuclear retention of RB was observed with flavopiridol concentration between 0.1 and 0.5 mM (data not shown). In agreement with this, treatment of PC-3 cells with CDK2 siRNA expression vectors (Sui et al., 2002) lead to efficient nuclear retention of RB (Figure 1b) , further validating the importance of CDK activity in regulating the subcellular distribution of RB.
In the nucleus, underphosphorylated RB associates with E2F transcription factors and preclude E2Fs from activating or repressing their target genes (Stevens and La Thangue, 2003) . Elevated CDK activity, which leads to phosphorylation of RB, results in the release of E2Fs, which in turn activate downstream targets such as the cyclin E gene (Muller et al., 2001) . We next examined whether the abnormal nucleocytoplasmic localization of RB in PC-3 cells compromised RB's negative regulation of E2F transcriptional activity. Since high concentration of flavopiridol could potentially induce a global inhibition of transcription, we first analysed the effect of flavopiridol treatment on promoters that are not activated by E2Fs. No significant change in reporter activity was observed in flavopiridol-treated PC-3 cells transfected with luciferase reporters expressing b-galactosidase, topoisomerase-2b, insulin and histone H1 (Supplementary Figures 1b and c) . In addition, we observe no significant reduction in the RNA and protein levels of RB and cyclin D1 in flavopiridol-treated PC-3 cells ( Supplementary Figures 1d and e) . Together, these observations suggest that treatment of PC-3 with flavopiridol does not cause a global inhibition of transcription. Next, to monitor E2F transactivation potential in flavopiridol-treated PC-3 cells, we studied the promoter response of the E2F-target gene cyclin E. We observed a reduction in cyclin E promoter activity in flavopiridol-treated PC-3 cells (Figure 1c) , which is consistent with increased RB-mediated repression of E2F transactivation potential.
Altered RB subcellular localization in cancer W Jiao et al Next, we examined the effects of flavopiridol on the tumorigenesis potential of PC-3 cells and the plausible role of RB subcellular localization in the process. In vivo, PC-3 cells exhibit enhanced tumorigenesis potential in xenograft-tumor assays and treatment with flavopiridol resulted in regression of the xenografted PC-3 tumors (Figure 1d ). Untreated PC-3 xenografts, similar to PC-3 cells in culture, showed evidence of nucleocytoplasmically localized RB (Figure 1e ). Interestingly, flavopiridolinduced regression of PC-3 xenografted tumors was accompanied by enhanced nuclear re-localization of RB (Figure 1e ). Together, these results indicate that RB cytoplasmic mislocalization can be effectively reversed by pharmacological inhibition of CDK activity and the nuclear re-confinement of RB is associated with enhancement of cellular apoptosis, reduction in E2F promoter activity and regression of tumor burden in mice.
Exportin1-mediated nuclear export of RB in human cancer cells Nuclear export of the tumor suppressor proteins p27Kip1, APC, Smad4(DPC4) and p53 is known to inactivate their tumor suppressor function (Boyd et al., 2000; Geyer et al., 2000; Henderson, 2000; Rosin-Arbesfeld et al., 2000; Blain and Massague, 2002; Inman et al., 2002; Kastan and Zambetti, 2003; Xu and Massague, 2004) . The karyopherin family of nuclear export receptors (Weis, 2003) , notably Exportin1 (CRM1) (Stade et al., 1997) , are involved in trafficking of diverse substrates across the nuclear membrane. Our recent studies uncovered an association between the RB and Exportin1 proteins in Cdk4 R/R cells, where Exportin1 preferentially recognizes and associates with RB phosphorylated on C-terminal residues and thereby mediates export of this phosphorylated RB species (Jiao et al., 2006) . Consistent with the immunofluorescence experiments (Figure 1b) , western blot analysis of nucleocytoplasmic fractions from PC-3 cells revealed nucleocytoplasmic localization of RB ( Figure 2a ). Furthermore, similar to our prior observation of RB-Exportin1 association in Cdk4 R/R cells (Jiao et al., 2006) , co-immunoprecipitation experiments revealed an interaction of RB and Exportin1 in PC-3 cells ( Figure 2b ) suggesting that RB could be subject to Exportin1-mediated nuclear export. In agreement, treatment of PC-3 cells with leptomycin B (LMB), an inhibitor of Exportin1-mediated nuclear export (Stade et al., 1997; Weis, 2003) , resulted in a shift of RB from the cytoplasm to the nucleus (Figure 2a ). To verify the role of Exportin1 in the nuclear export of RB we designed siRNA targeting Exportin1. Treatment of PC-3 cells with Exportin1 siRNA leads to growth arrest although cell viability was retained at near 90% Altered RB subcellular localization in cancer W Jiao et al ( Figure 2c ). Importantly, treatment of PC-3 cells with Exportin1 siRNA resulted in increased nuclear confinement of RB (Figure 2d ). Taken together, these observations are evidence of Exportin1-mediated nuclear export of RB in human cancer cells.
RB nucleocytoplasmic distribution in human cancer cells of diverse origin
Interestingly, SK-Mel-29 human melanoma cells, which were used to report the initial identification of the Cdk4 R24C mutation in human familial melanoma (Wolfel et al., 1995) , also present nucleocytoplasmically distributed RB (Figure 3) . Furthermore, as with PC-3 cells, treatment of SK-Mel-29 cells with flavopiridol resulted in increased nuclear retention of RB (Figure 3) . In both PC-3 and SK-Mel-29 cells, nuclear retention of RB was observed within 48 h of treatment with flavopiridol when the cells have a high degree of viability. Importantly, treatment of SM-Mel-29 cells with LMB resulted in increased nuclear confinement of RB (Figure 3 ). Taken together, these observations suggested that the RB nucleocytoplasmic localization in SK-Mel-29 cells, like in PC-3 cells, is dependent on CDK activity and regulated via Exportin1-mediated nuclear export.
Since inactivation of the RB pathway via aberrant CDK activation is seen in virtually every human cancer, we hypothesized that nucleocytoplasmically dispersed RB may be observed in human cancer of diverse origin. To explore that proposition, we wanted to characterize RB localization in a set of cancer cells whose molecular characteristics have been cataloged and whose responses to a large number of anticancer compounds are known. The natural choice was a panel of 60 human cancer cell lines (NCI-60) used by the Developmental Therapeutics Program (DTP) of the National Cancer Institute (NCI) to screen >100 000 chemical compounds since 1990. Included among the 60 cell lines are leukemias, melanomas and cancers of ovarian, breast, prostate, lung, renal, colon and central nervous system origin. Patterns of drug activity across the cell lines and patterns of cell sensitivity across the set of tested drugs have been shown to contain detailed information on mechanisms of action and resistance (Paull et al., 1989; Weinstein et al., 1992) . In addition to this pharmacological characterization, the NCI-60 cells have been extensively profiled at the DNA, mRNA, protein and functional levels. Therefore, if we were to measure their localization of RB expression, it would be possible to link RB localization and its tumor suppressor function to a variety of other molecular, physiological and pharmacological features of the cells. To this end, we performed immunohistochemistry analysis of the NCI-60 cell line array (CMA) and an additional panel of 11 human cancer cell lines representing melanoma (SKMel-28, SK-Mel-29, SK-Mel-39, SK-Mel2), prostate cancer (PC-3, LnCap), colon cancer (RKO, HT29, HCT116) and breast cancer (MDA-MB-468, MDA-MB-231) for a total of 71 human cancer cell lines. Two distinct monoclonal antibodies to total RB and two polyclonal antibodies against RB phosphorylated on serines 807/811 and serine 780 were used. Strikingly, 63% (45 out of 71 cell lines) cell lines exhibited dispersed nucleocytoplasmic distribution of total RB (Table 1) . We also observed that a substantial number of cell lines Altered RB subcellular localization in cancer W Jiao et al demonstrated predominantly cytoplasmic distribution of total RB (25% or 18 out of 71 of cell lines). In contrast, predominant/exclusive nuclear localization of total RB was featured in only 12% (8 out of 71 cell lines). We observed a co-relation between localization of RB and phospho-RB in the human cancer cell lines. Phospho-RB was detected in the nucleocytoplasmic location in 81% cell lines, whereas, 13% of the cell lines showed predominantly cytoplasmic and 6% cell lines exhibited predominantly nuclear phospho-RB.
To investigate if nucleocytoplasmic RB might correlate with cell proliferation we performed immunohistochemistry on CMA using antibodies against a proliferation-associated antigen Ki-67. CMA demonstrates a measurable proliferative rate with Ki-67 staining, which is largely related to the rapid cell cycle time. The populations of cells of CMA are homogeneous and provide a representative sampling for comparison of parallel immunohistochemistry experiments. Moreover, by performing immunohistochemistry on CMA, it allows us to directly compare the proliferative rate of the cell population that was stained for RB (and phospho-RB). As expected, the analysis using a Spearman's rank test revealed that total RB and phospho-RB correlate (P ¼ 0.0026). Total RB also correlated with Ki-67 expression (P ¼ 0.0062) and importantly the majority of Ki-67 expressing cells exhibited nucleocytoplasmic localization of total RB (51/54 cell lines) or phospho-RB (42/52 cell lines).
Nucleocytoplasmic distribution of RB correlates with moderate/poor tumor differentiation To further examine the physiological relevance of RB subcellular localization we performed immunohistochemical staining of a panel of human tumors of breast, colon, lung, ovarian, prostatic, brain, melanoma and lymphoma origins presented in a tissue microarray (TMA) format. Immunohistochemistry analysis using total RB and phospho-RB antibodies revealed that an unexpectedly high proportion of tumors (128 out of 313; 41%) exhibited predominantly nucleocytoplasmic localization of total RB (>75% cells with nucleocytoplasmic localization) ( Table 2) . A high percentage of tumors presented with predominantly cytoplasmic localization of total RB (70 out of 313; 22%). In contrast, only 39 out of 313 (13%) tumors presented predominantly nuclear localization (>75% cells with nuclear localization) of total RB. Moreover, we failed to detect RB in 76 out of 313 (24%) tumors. As anticipated, normal tissues demonstrated low level of RB with predominantly nuclear staining. Normal prostate corresponding to the prostatic tumors was additionally examined and demonstrated the same findings (data not shown). Further, we independently profiled the expression and localization of phospho-RB in 197 tissues representing breast, lung, colon, ovarian and prostatic origin. RB phosphorylated on serine 807 and serine 811 was observed in a great majority (134 out of 197; 68%) of primary tumors. A high percentage of tumors presented with predominantly cytoplasmic localization of phospho-RB (45 out of 197; 23%). In contrast, only 18 out of 197 (9%) tumors presented predominantly nuclear localization of phospho-RB.
Importantly, we found a correlation between nuclear retention and tumor differentiation. The majority of tumors with exclusively nuclear RB were well differentiated (9 out of 14; 64% tumors). In contrast, intermediate or high-grade tumors with moderate (32 out of 45; 71%) or poor (26 out of 36; 72%) differentiation presented predominant nucleocytoplasmic localization of RB (Table 3 ). This observation is in agreement with our data with the human cancer cell lines that also show a high incidence of nucleocytoplasmically distributed RB. Since majority of established cancer cell lines proliferate extensively and exhibit characteristics of poorly differentiated cells, the observations presented here further support the association of altered nucleocytoplasmic RB distribution with poor tumor cell differentiation.
Discussion
We observe that diverse human cancers and their derived cell lines, particularly those with poor tumor differentiation, display significant cytoplasmic mislocalization of ordinarily nuclear RB. The cytoplasmic RB population is generated by CDK-dependent Exportin1-mediated nuclear export. Cytoplasmically mislocalized RB could be efficiently confined to the nucleus by (1) inhibiting the Exportin1 pathway and (2) reducing CDK activity by treatment with the CDK inhibitor flavopiridol. Re-localization of RB to the nucleus in turn is correlated with restoration of RB tumor suppressor 
Immunohistochemistry analysis of the NCI-60 cell line array (CMA) and an additional panel of 11 human cancer cell lines (total 71 human cancer cell lines) using RB antibodies. Two distinct monoclonal antibodies to total RB and two polyclonal antibodies against RB phosphorylated on serines 807/811 and 780 were used. Immunohistochemistry was performed by routine methods and results were analysed for staining intensity and staining localization. The analysis of immunohistochemistry of the cell arrays was performed for each core, counting the amount of cells with a distinct pattern (nuclear, cytoplasmic and nucleocytoplasmic) in percentages. Additionally, the intensity of the labeling was registered as an estimated average from 0 ( ¼ no stain) up to 3 ( ¼ dark brown, max. stain) for each kind of cellular pattern for each sample. Localization was determined by scoring nuclear/cytoplasmic and nuclear profiles from at least 100 cells of each sample.
Altered RB subcellular localization in cancer W Jiao et al function. It is plausible that some of the flavopiridolmediated effects are RB-independent since there is evidence for both CDK mediated RB-dependent and RB-independent mechanisms of action involving the antitumoral effect of flavopiridol (Sedlacek, 2001 ).
Altered RB subcellular localization: a cancer-specific phenomenon The function of tumor suppressor proteins APC, p53, p27
Kip1 and Smad4 (DPC4) can be inactivated by nuclear export mechanisms (Boyd et al., 2000; Geyer et al., 2000; Henderson, 2000; Rosin-Arbesfeld et al., 2000; Blain and Massague, 2002; Inman et al., 2002; Kastan and Zambetti, 2003; Xu and Massague, 2004; Ziegler and Ghosh, 2005) . Similarly, we illustrate here the possibility that RB-mediated tumor suppression can be effectively subverted during human cancer progression by CDK phosphorylation-dependent enhancement of nuclear export. These observations unravel an additional layer of regulatory control on RB tumor suppressor function that is influenced by CDK activity. Interestingly, p130 localization is also regulated by nucleocytoplasmic shuttling (Chestukhin et al., 2002) , which elucidates a common mechanism that regulates subcellular localization of RB and p130.
An RB mutant that cannot be phosphorylated by CDKs on its seven C-terminal phosphoresidues remains confined to the nucleus of Cdk4 R/R cells, in contrast to wild-type RB that is subject to nucleocytoplasmic shuttling in Cdk4 R/R cells (Jiao et al., 2006) . Furthermore, cytoplasmic RB is not detected in normal cells (WI-38 human lung fibroblasts and normal mouse embryonic fibroblasts) at any stage of the cell cycle (Jiao et al., 2006) suggesting that (1) CDK-mediated phosphorylation may be necessary but not sufficient for nuclear exclusion and (2) cytoplasmic RB localization may be specific to pathological conditions, such as cancer. The postulate that altered RB subcellular localization is a cancer-specific phenomenon is in agreement with our observations of nucleocytoplasmic RB in Cdk4 R/R cells (Jiao et al., 2006) and, as reported here, in a majority of human cancer cell lines and human tumor tissues of diverse origin. We and others (Yen et al., 1997) found nucleocytoplasmic RB in HL-60 cells (one of the NCI-60 cell lines) where the ratio of nuclear versus cytoplasmic RB was found to be stable. Although not tested here, it is plausible that the cytoplasmic RB performs tumor-promoting functions that are facilitated by deregulated CDK-mediated phosphorylation and further detailed studies are needed to examine such a hypothesis. It will be of interest to know (1) the fate of cytoplasmic RB in cells that exhibit altered RB localization and (2) if cytoplasmic RB is degraded or gets imported into the nucleus. Tumor cell lines, notably the osteosarcoma cell line SAOS-2, contain truncated forms of RB that are localized to the cytoplasm due to lack of a NLS signal. Therefore, cytoplasmic localization of RB in human cancer may occur either via aberrant nuclear import due to a nonfunctional NLS or, as presented here, due to accelerated nuclear export. Further, analysis of human RB tumor samples showed that while some RB tumors present strong nuclear RB staining many tumors exhibit predominantly cytoplasmic or Immunohistochemical staining of a panel of human tumors of breast, colon, lung, ovarian, prostatic, brain, melanoma and lymphoma origins presented in a tissue microarray format (TMA). Two distinct monoclonal antibodies to total RB and two polyclonal antibodies against RB phosphorylated on serines 807/811 and 780 were used. Immunohistochemistry was performed by routine methods and results were analysed for staining intensity and staining localization. The analysis of immunohistochemistry of the tissue arrays was performed for each core, counting the amount of cells with a distinct pattern (nuclear, cytoplasmic, nucleocytoplasmic and undetectable) in percentages. Additionally, the intensity of the labeling was registered as an estimated average from 0 ( ¼ no stain) up to 3 ( ¼ dark brown, max. stain) for each kind of cellular pattern for each sample. Localization was determined by scoring nuclear-cytoplasmic and nuclear profiles from at least 100 cells of each sample. Table 3 Nucleocytoplasmic distribution of retinoblastoma (RB) correlates with moderate to poor tumor differentiation
Among the primary human cancer specimens that were analysed, where information was available, RB localization was correlated to tumor differentiation grades, well, moderate or poor. 'n' represents the number of tumors where RB immunoreactivity was seen, where localization for RB could be assigned and where information about the tumor differentiation status was available. Differentiation status of the tumor was evaluated and classified by a pathologist. The number and percentage of samples with nuclear or nucleocytoplasmic localization of RB are indicated.
Altered RB subcellular localization in cancer W Jiao et al dispersed nucleocytoplasmic localization of RB (Nork et al., 1994) . These observations indicate that (1) RB nuclear localization per se may not determine inhibition of tumorigenesis and (2) if nuclear localization is not sufficient then the possibility of a cytoplasmic function for RB formally exists.
Differentiation and cancer: the role of RB RB regulates cellular differentiation and survival (Goodrich, 2006; Khidr and Chen, 2006) and promotes differentiation and development of neural cells, skeletal muscle cells, retinal cells and adipocytes (Khidr and Chen, 2006) . It is plausible that inactivation of RB during cancer progression may inhibit normal differentiation processes and allow cells to aberrantly remain in the cell cycle and undergo cell division. Our observation of nucleocytoplasmic localization of RB in majority of moderately/poorly differentiated tumors is consistent with such a possibility. Interestingly, the link between altered subcellular localization of a cell cycle regulator (the p27 Kip1 tumor suppressor protein) and tumor differentiation grade has been established (Alkarain et al., 2004) . While the P27KIP1 gene is rarely mutated in human cancer, the action of p27
Kip1 protein is impaired in breast and other human cancers. Interestingly, similar to our observations with RB, it was demonstrated that p27 Kip1 mislocalization in the tumor cell cytoplasm occurs in a majority of breast cancer tissues (Blain and Massague, 2002; Liang et al., 2002; Shin et al., 2002; Viglietto et al., 2002) where reduced p27
Kip1 protein is strongly associated with high histopathological tumor grade, reflecting a lack of tumor differentiation. Similarly, we observe that RB is nucleocytoplasmically localized in the majority of human cancer cell lines and primary tumor tissue specimens from diverse tissue originmajority of which retain enhanced proliferation potential and are poorly differentiated. These observations allow us to suggest that altered nucleocytoplasmic localization of RB may be a characteristic of poorly differentiated cancer cells. However, further detailed analyses are needed to validate this possibility and to determine whether RB subcellular localization has predictive and/or prognostic value in human cancer. Mutations in the nuclear transport machinery via truncations or overexpression of the export receptor for karyopherin-a in colon, breast and liver neoplasms and chromosomal rearrangements in the loci coding for nucleoporins in acute myelogenous leukemia, chronic myelogenous leukemia, T-cell acute lymphoblastic leukemia and myelodysplastic syndrome emphasize the relevance of the nuclear transport apparatus in human cancer (Kau et al., 2004) . The findings that critical tumor suppressor proteins like p53, Smad4, APC, p27Kip1 and RB are direct targets of the nuclear transport apparatus are consistent with the theory that tumor cells may modulate the protein transport apparatus to evade growth regulatory constraints making the protein transport machinery a viable therapeutic target.
Materials and methods
Cell culture and drug treatments, xenograft assays, plasmids and human tumor tissues Mouse embryo fibroblasts (MEFs) (Rane et al., 1999 (Rane et al., , 2002 were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). Human multi-tumor tissue arrays (TARP TMAs), NCI-60 human cancer CMA and human cancer cell lines representing melanoma (SK-Mel-28, SK-Mel-29, SK-Mel-39, SK-Mel-2; prostate cancer (PC-3, LnCap); colon cancer (RKO, HT29, HCT116); breast cancer (MDA-MB-468, MDA-MA-231) were obtained from the Developmental Therapeutics Program and the Tissue Array Research Program of the NCI. Although derived from independent sources and propagated in the laboratory SK-Mel28, SK-Mel2, PC3, HT29, HCT116, MDA-MB-231 were also part of CMA.
MEFs, PC-3 or SK-Mel-29 cells were cultured in 10% FBS containing DMEM and treated with flavopiridol where indicated and cells were monitored for viability using the WST-1 assay (Roche, Indianapolis, IN, USA) or processed for luciferase assay. Results presented are average of triplicate with standard deviations. Nuclear and cytosolic fractions of cells either untreated or treated with 10 or 30 nM LMB (L2913, Sigma, Saint Louis, MO, USA) for 5 h were prepared using NE-PER reagent (Pierce, Rockford, IL, USA) and 30 mg aliquots were used for immunoblot analysis. Cells were treated with 10 and 30 nM LMB and incubated for 2-5 h followed by immunofluorescence assay. Control and Exportin1 siRNAs were from Dharmacon Inc., Chicago, IL, USA. Transfection was performed with Lipofectamine Reagent (Invitrogen, Carlsbad, CA, USA).
For xenografts, 5 Â 10 6 PC-3 cells were injected subcutaneously into bilateral flanks of athymic BALB/c nu/nu male mice (6-8 weeks of age, six mice in each group, Taconic Laboratories, Hudson, NY, USA). One week later, mice were treated intraperitoneally with flavopiridol (10 mg kg À1 per dose) or 0.1% dimethyl sulfoxide (DMSO) saline once every 4 days for a total of four treatments. Tumors were measured every 4 days and at necropsy for a total of five times and mean tumor volume was determined according to the formula (4/3)pr 3 where r ¼ (diameter 1 þ diameter 2 )/4. Tumors were excised and processed for immunohistochemistry using RB antibodies (G 3 -245 and 4H1 clone) and counterstained with hematoxylin.
Transient transfection and reporter assays
Cells were seeded at 30-40% confluence into six-well plates one day before transfection. Treatment with flavopiridol (0.05-0.1 mM) was for 24 h. A 1 mg portion of luciferase driven reporters together with 0.2 mg pH1-b-galactosidase was co-transfected into cells using FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Empty vectors were used to supplement equal amounts of DNA in each transfection. Forty-eight hours after transfection, cells were rinsed with phosphate-buffered saline (PBS) and either lysed with reporter lysis buffer (Promega, Madison, WI, USA) for luciferase assay. Lysates were assayed for luciferase activity and normalized to total protein concentration and b-galactosidase activity. All experiments were performed in duplicate and repeated 2-3 times. The results shown are the mean±s.e.
Immunoblotting, immunoprecipitation, immunofluorescence and immunohistochemistry Western blots, immunoprecipitation and immunohistochemistry assays were performed using standard methods. For immunoprecipitation, 300 mg of total protein was incubated with indicated antibodies and protein G beads (Amersham, Piscataway, NJ, USA). For immunofluorescence, cells were seeded at 80% confluence onto collagen I coated eight-well Biocoat culture slides. Drug treatments for immunofluorescence were as follows-flavopiridol (0.5 mM for 48 h) and leptomycin B (30 nM for 3 h). After culture the cells were fixed in 1 or 4% paraformaldehyde for 10 min and permeabilized with either acetone (2 min) or methanol (2 min). After antibody incubation and mounting in 4 0 -6-diamidino-2-phenylindole (DAPI) containing medium cells were observed on an Olympus IX70 inverted microscope with a Photometric CCD camera. Immunohistochemistry was performed by routine methods and results were analysed for staining intensity and staining localization (Braunschweig et al., 2005) . The analysis of immunohistochemistry of the cell and tissue arrays was performed for each core, counting the amount of cells with a distinct pattern (nuclear, cytoplasmic and nucleocytoplasmic) in percentages. Additionally, the intensity of the labeling was registered as an estimated average from 0 ( ¼ no stain) up to 3 ( ¼ dark brown, max. stain) for each cellular pattern for each sample. Localization was determined by scoring nuclear/ cytoplasmic and nuclear profiles from at least 100 cells of each sample treatment. Antibody sources are monoclonal anti-pRB antibody (clone G 3 -245; BD/Pharmingen; epitope amino acids (aa) 332-344 of human RB protein); monoclonal anti-RB antibody (clone 4H1; Cell Signaling Technology, Danvers, MA, USA, which recognizes aa 701-928 of human RB protein), monoclonal underphosphorylated-RB, phospho-RB 780 , phospho-RB 807/811 polyclonal antibodies from Cell Signaling; monoclonal anti-a-tubulin (Sigma); monoclonal anti-Ki-67 (DAKO); polyclonal anti-Exportin1 (sc5595; clone H300); Lamin A/C polyclonal antibodies from Santacruz, Santa Cruz, CA, USA; and Alexa-fluor secondary antibodies from Molecular Probes, Carlsbad, CA, USA. The association of the expression rate with RB and phospho-RB was assessed by w 2 -test. A P-value less than 0.05 was regarded as statistically significant.
